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Using the electron scattering theory, we obtain analytic expressions for anisotropic
magnetoresistance (AMR) ratios for ferromagnets with a crystal field of tetragonal
symmetry. Here, a tetragonal distortion exists in the [001] direction, the magnetization
M lies in the (001) plane, and the current I flows in the [100], [010], or [001] direction.
When the I direction is denoted by i, we obtain the AMR ratio as AMRi(φi) = C
i
0 +
C i2 cos 2φi+C
i
4 cos 4φi . . . =
∑
j=0,2,4,...C
i
j cos jφi, with i = [100], [110], and [001], φ[100] =
φ[001] = φ, and φ[110] = φ
′. The quantity φ (φ′) is the relative angle between M and the
[100] ([110]) direction, and C ij is a coefficient composed of a spin–orbit coupling constant,
an exchange field, the crystal field, and resistivities. We elucidate the origin of C ij cos jφi
and the features of C ij . In addition, we obtain the relation C
[100]
4 = −C [110]4 , which was
experimentally observed for Ni, under a certain condition. We also qualitatively explain
the experimental results of C
[100]
2 , C
[100]
4 , C
[110]
2 , and C
[110]
4 at 293 K for Ni.
1. Introduction
The anisotropic magnetoresistance (AMR) effect for ferromagnets,1–30) in which the
electrical resistivity depends on the direction of magnetization M , has been studied
extensively both experimentally and theoretically. The efficiency of the effect “AMR
∗E-mail address: kokado.satoshi@shizuoka.ac.jp
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ratio” is defined by
AMRi(φi) =
ρi(φi)− ρi⊥
ρi⊥
, (1)
with ρi⊥ = ρ
i(pi/2). Here, ρi(φi) is the resistivity at φi in the current I direction, i,
where φi is the relative angle between the thermal average of the spin 〈S〉 (∝−M ) and
a specific direction for the case of i.
The AMR ratio AMRi (0) has often been investigated for many magnetic materials.
In particular, the experimental results of AMRi(0) for Ni-based alloys have been ana-
lyzed by using the electron scattering theory with no crystal field, i.e., the Campbell–
Fert–Jaoul (CFJ) model.3) We have recently extended this CFJ model to a general
model that can qualitatively explain AMRi(0) for various ferromagnets.25, 26)
On the other hand, when 〈S〉 lies in the (001) plane and I flows in the i direction,
with i = [100] and [110], AMRi(φi) has been experimentally observed to be
7–14)
AMRi(φi) = C
i
0 + C
i
2 cos 2φi + C
i
4 cos 4φi + . . . (2)
=
∑
j=0,2,4,...
C ij cos jφi, (3)
with φ[100] = φ and φ[110] = φ
′, where φ is the relative angle between the 〈S〉 direction
and the [100] direction (see Fig. 1) and φ′ is the relative angle between the 〈S〉 direction
and the [110] direction (see Fig. 1). In addition, C i0 is the constant term in the case of
i, and C ij is the coefficient of the cos jφi term in the case of i. The case of Eq. (2) with
C i2 6= 0 and C ij = 0 (j ≥ 4) is called the twofold symmetric AMR effect, while the case of
Eq. (2) with C i2 6= 0 and C ij 6= 0 (j ≥ 4) is the higher-order fold symmetric AMR effect.
The twofold symmetric AMR effect has often been observed for various ferromagnets
and analyzed on the basis of our previous model.25, 26) The higher-order fold symmetric
AMR effect of I//[100] and I//[110] has been observed for typical ferromagnets Ni,30, 31)
Fe4N,
7) and NixFe4−xN (x = 1 and 3).12) In particular, the relation
C
[100]
4 = −C [110]4 (4)
has been found in the temperature dependence of the AMR ratio.7, 12, 30, 31)
The AMR ratio of Eq. (2) has sometimes been fitted by using an expression by
Do¨ring. This expression consists of an expression for the resistivity, which is based on
the symmetry of a crystal (see Appendix A).14, 32, 33) Do¨ring’s expression can be easily
applied to the cases of the arbitrary directions of I and M . The expression, however,
has been considered unsuitable for physical consideration because it was not based on
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the electron scattering theory.
To improve this situation, we have recently developed a theory of the twofold and
fourfold symmetric AMR effect using the electron scattering theory. Here, we derived an
expression for AMR[100](φ) of Eq. (2) for ferromagnets with a crystal field. As a result,
we found that C
[100]
4 appears under a crystal field of tetragonal symmetry, whereas it
takes a value of almost 0 under a crystal field of cubic symmetry.27) The expression for
AMR[110](φ′), however, has scarcely been derived.
In the future, not only the expression for AMR[100](φ) but also expressions for
AMR[110](φ′) and so on will play an important role in theoretical analyses and physi-
cal considerations of experimental results. In addition, Eq. (4) should be confirmed by
using the electron scattering theory.
In this paper, using the electron scattering theory, we first obtained analytic ex-
pressions for AMRi(φi) of Eq. (3) for ferromagnets with a crystal field of tetragonal
symmetry, where i = [100], [110], and [001]; φ[100] = φ[001] = φ; and φ[110] = φ
′ (see Fig.
1). Second, we elucidated the origin of C ij cos jφi and the features of C
i
j. In addition, we
obtained the relation C
[100]
4 = −C [110]4 of Eq. (4) under a certain condition. Third, we
qualitatively explained the experimental result of C ij at 293 K for Ni using the expres-
sion for C ij. The AMR ratios AMR
[100](0) and AMR[110](0) also corresponded to that of
the CFJ model3) under the condition of the CFJ model.
The present paper is organized as follows. In Sect. 2, we present the electron scat-
tering theory, which takes into account the localized d states with a crystal field of
tetragonal symmetry. We first obtain wave functions of the d states using the first- and
second-order perturbation theory. Second, we show the expression for the resistivity,
which is composed of the wave functions of the d states. In Sect. 3, we describe the ex-
pressions for AMRi(φi) for ferromagnets including half-metallic ferromagnets. In Sect.
4, we elucidate the origin of C ij cos jφi and the features of C
i
j. In Sect. 5, the relation
C
[100]
4 = −C [110]4 is obtained under a certain condition. In Sect. 6, we qualitatively ex-
plain the experimental result of C ij at 293 K for Ni. The conclusion is presented in Sect.
7. In Appendix A, we report the expression for the AMR ratio by Do¨ring. In Appendix
B, we give an expression for a wave function obtained by applying the perturbation
theory to a model with degenerate unperturbed systems. In Appendix C, we describe
the expressions for resistivities for the present model. In Appendix D, C ij is expressed
as a function of the resistivities. In Appendix E, we give the expression for C ij . In
3/39
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Appendix F, we explain the origin of C ij cos jφi. In Appendix G, we show that the
present model corresponds to the CFJ model3) under the condition of the CFJ model.
2. Theory
In this section, we describe the electron scattering theory to obtain ρi(φi) and
AMRi(φi) with i = [100], [110], and [001] for the ferromagnets.
2.1 Model
Figure 1 shows the present system, in which a tetragonal distortion exists in the
[001] direction, the thermal average of the spin 〈S〉 (∝−M ) lies in the (001) plane, and
the current I flows in the [100], [010], or [001] direction. For φi, we set φ[100] = φ[001] = φ
and φ[110] = φ
′. The relation between φ and φ′ is given by
φ = φ′ +
pi
4
. (5)
For this system, we use the two-current model with the s–s and s–d scatterings.25–28)
The s–s scattering represents the scattering of the conduction electron (s) into the
conduction state (s) by nonmagnetic impurities and phonons. The s–d scattering rep-
resents the scattering of the conduction electron (s) into the localized d states (d) by
nonmagnetic impurities. Here, the conduction state consists of s, p, and the conductive
d states. The localized d states are obtained by applying the perturbation theory to the
Hamiltonian of the d states, H.
2.2 Hamiltonian
Following our previous study,27, 28) we consider H as the Hamiltonian of the localized
d states of a single atom in a ferromagnet with a spin–orbit interaction, an exchange
field, and a crystal field of tetragonal symmetry. This crystal field represents the case
that a distortion in the [001] direction is added to a crystal field of cubic symmetry.
The reason for choosing this crystal field is that C
[100]
4 appears under the crystal field
of tetragonal symmetry, whereas it takes a value of almost 0 under the crystal field of
cubic symmetry, as reported in Refs. 27 and 34. The Hamiltonian H is expressed as
H = H0 + V, (6)
H0 = Hcubic − S ·H , (7)
V = Vso + Vtetra, (8)
4/39
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Fig. 1. Sketch of the sample geometry. The tetragonal distortion is in the [001] direction. The current
I flows in the [100], [110], or [001] direction. The thermal average of the spin 〈S〉 (∝−M) lies in the
(001) plane. For φi, we set φ[100] = φ[001] = φ and φ[110] = φ
′. Here, φ is the relative angle between 〈S〉
and the [100] direction, and φ′ is the relative angle between the 〈S〉 direction and the [110] direction.
The relation between φ and φ′ is given by Eq. (5). Furthermore, the x-, y-, and z-axes are specified to
describe the Hamiltonian of Eq. (6).
where
Hcubic =
∑
σ=±
[
Eε
(
|xy, χσ(φ)〉〈xy, χσ(φ)|+ |yz, χσ(φ)〉〈yz, χσ(φ)|+ |xz, χσ(φ)〉〈xz, χσ(φ)|
)
+Eγ
(
|x2 − y2, χσ(φ)〉〈x2 − y2, χσ(φ)|+ |3z2 − r2, χσ(φ)〉〈3z2 − r2, χσ(φ)|
)]
, (9)
Vso = λL · S, (10)
Vtetra =
∑
σ=±
[
δε
(
|xz, χσ(φ)〉〈xz, χσ(φ)|+ |yz, χσ(φ)〉〈yz, χσ(φ)|
)
+δγ |3z2 − r2, χσ(φ)〉〈3z2 − r2, χσ(φ)|
]
, (11)
and
S = (Sx, Sy, Sz), (12)
L = (Lx, Ly, Lz), (13)
H = H (cosφ, sinφ, 0) . (14)
The above terms are explained as follows. The term Hcubic represents the crystal field of
cubic symmetry. The term −S ·H is the Zeeman interaction between the spin angular
5/39
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momentum S and the exchange field of the ferromagnetH , whereH ∝ −M ,H ∝ 〈S〉,
andH > 0. The term Vso is the spin–orbit interaction, where λ is the spin–orbit coupling
constant and L is the orbital angular momentum. The spin quantum number S and the
azimuthal quantum number L are chosen to be S = 1/2 and L = 2.25) The term Vtetra
is an additional term to reproduce the crystal field of tetragonal symmetry. The state
|m,χσ(φ)〉 is expressed by |m,χσ(φ)〉 = |m〉|χσ(φ)〉. The state |m〉 is the orbital state,
defined by |xy〉 = xyf(r), |yz〉 = yzf(r), |xz〉 = xzf(r), |x2− y2〉 = (1/2)(x2− y2)f(r),
and |3z3 − r2〉 = [1/(2√3)](3z2 − r2)f(r), with r =
√
x2 + y2 + z2 and f(r) = Γe−ζr,
where f(r) is the radial part of the 3d orbital, and Γ and ζ are constants. The states
|xy〉, |yz〉, and |xz〉 are called dε orbitals and |x2 − y2〉 and |3z2 − r2〉 are dγ orbitals.
The quantity Eε is the energy level of |xy〉, and Eγ is that of |x2 − y2〉. The quantity
∆ is defined as ∆=Eγ −Eε, δε is the energy difference between |xz〉 (or |yz〉) and |xy〉,
and δγ is that between |3z2 − r2〉 and |x2 − y2〉 (see Fig. 2). The state |χσ(φ)〉 (σ = +
and −) is the spin state, i.e.,
|χ+(φ)〉 = 1√
2
(
e−iφ| ↑〉+ | ↓〉) , (15)
|χ−(φ)〉 = 1√
2
(−e−iφ| ↑〉+ | ↓〉) , (16)
which are eigenstates of −S · H . Here, |χ+(φ)〉 (|χ−(φ)〉) denotes the up spin state
(down spin state) for the case in which the quantization axis is chosen along the 〈S〉
direction. The state | ↑〉 (| ↓〉) represents the up spin state (down spin state) for the
case in which the quantization axis is chosen along the z-axis. For H of Eq. (6), we
also assume the relation of parameters for typical ferromagnets, i.e., ∆/H ≪ 1,27)
|λ|/∆≪ 1, δε/∆≪ 1, and δγ/∆≪ 1.
On the basis of the relation of the parameters, we considerH0 of Eq. (7) and V of Eq.
(8) as the unperturbed term and the perturbed term, respectively. When the matrix
of H of Eq. (6) is represented in the basis set |xy, χ±(φ)〉, |yz, χ±(φ)〉, |xz, χ±(φ)〉,
|x2−y2, χ±(φ)〉, and |3z2−r2, χ±(φ)〉, the unperturbed system is degenerate (see Table
A·I in Ref. 27). We therefore use the perturbation theory for the case in which the
unperturbed system is degenerate.36, 37) As a result, we choose the following basis set
for the subspace with |xy, χ±(φ)〉, |yz, χ±(φ)〉, and |xz, χ±(φ)〉:27)
|ξ+, χ+(φ)〉 = A
[
(δε −
√
δ2ε + λ
2)|xy, χ+(φ)〉+ iλ sin φ|yz, χ+(φ)〉 − iλ cosφ|xz, χ+(φ)〉
]
,
(17)
6/39
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|δε, χ+(φ)〉 = cosφ|yz, χ+(φ)〉+ sinφ|xz, χ+(φ)〉, (18)
|ξ−, χ+(φ)〉 = B
[
(δε +
√
δ2ε + λ
2)|xy, χ+(φ)〉+ iλ sinφ|yz, χ+(φ)〉 − iλ cosφ|xz, χ+(φ)〉
]
,
(19)
|ξ+, χ−(φ)〉 = A
[
(δε −
√
δ2ε + λ
2)|xy, χ−(φ)〉 − iλ sinφ|yz, χ−(φ)〉+ iλ cosφ|xz, χ−(φ)〉
]
,
(20)
|δε, χ−(φ)〉 = cosφ|yz, χ−(φ)〉+ sinφ|xz, χ−(φ)〉, (21)
|ξ−, χ−(φ)〉 = B
[
(δε +
√
δ2ε + λ
2)|xy, χ−(φ)〉 − iλ sin φ|yz, χ−(φ)〉+ iλ cosφ|xz, χ−(φ)〉
]
,
(22)
with
ξ± =
1
2
(
δε ±
√
δ2ε + λ
2
)
, (23)
A =
(
2δ2ε + 2λ
2 − 2δε
√
δ2ε + λ
2
)−1/2
, (24)
B =
(
2δ2ε + 2λ
2 + 2δε
√
δ2ε + λ
2
)−1/2
. (25)
Using |ξ+, χ±(φ)〉, |δε, χ±(φ)〉, |ξ−, χ±(φ)〉, |x2 − y2, χ±(φ)〉, and |3z2 − r2, χ±(φ)〉, we
construct the matrix of H of Eq. (6) as shown in Table I in Ref. 27.
0
Fig. 2. Energy levels of the 3d states in the crystal field of tetragonal symmetry.35) The second
excited states are doubly degenerate. The energy levels are measured from the energy level of |xy〉, Eε.
2.3 Localized d states
Applying the first- and second-order perturbation theory to H in Table I in Ref. 27,
we obtain the localized d state |m,χς(φ)), with m = ξ+, δε, ξ−, x2 − y2, and 3z2 − r2
and ς = + and −, where m (ς) denotes the orbital index (spin index) of the dominant
7/39
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state in |m,χς(φ)) [see Eq. (B·2)]. In general, |m,χς(φ)) is written as
|m,χς(φ)) = [1− cm,ς(φ)] |m,χς(φ)〉+
∑
n (6=m)
∑
σ=+,−
cm,ςn,σ (φ)|n, χσ(φ)〉, (26)
with cm,ς(φ) > 0. Here, |m,χς(φ)〉 is the dominant state and |n, χσ(φ)〉 is the slightly
hybridized state due to Vso. The coefficient 1 − cm,ς(φ) [cm,ςn,σ (φ)] represents the proba-
bility amplitude of |m,χς(φ)〉 [|n, χσ(φ)〉], where −cm,ς(φ) means the reduction of the
probability amplitude of |m,χς(φ)〉. In simple terms, cm,ς(φ) and cm,ςn,σ (φ) represent the
change in the d state due to Vso, where cm,ς(φ) and c
m,ς
n,σ (φ) are 0 at λ = 0. Note that
|m,χς(φ)) is expressed up to the second order of λ/H , λ/∆, λ/(H ± ∆), δt/H , δt/∆,
and δt/(H ±∆), with t = ε or γ.
2.4 Resistivity
Using Eq. (26), we can obtain an expression for ρi(φ). The resistivity ρi(φ) is de-
scribed by the two-current model,3) i.e.,
ρi(φ) =
ρi+(φ)ρ
i
−(φ)
ρi+(φ) + ρ
i
−(φ)
. (27)
The quantity ρiσ(φ) is the resistivity of the σ spin at φ in the case of i, where σ = + (−)
denotes the up spin (down spin) for the case in which the quantization axis is chosen
along the direction of 〈S〉 [see Eqs. (15) and (16)]. The resistivity ρiσ(φ) is written as
ρiσ(φ) =
m∗σ
nσe2τ iσ(φ)
, (28)
where e is the electric charge and nσ (m
∗
σ) is the number density (effective mass) of the
electrons in the conduction band of the σ spin.38, 39) The conduction band consists of
the s, p, and conductive d states.25) In addition, 1/τ iσ(φ) is the scattering rate of the
conduction electron of the σ spin in the case of i, expressed as
1
τ iσ(φ)
=
1
τs,σ
+
∑
m
∑
ς=+,−
1
τ is,σ→m,ς(φ)
, (29)
with
1
τ is,σ→m,ς(φ)
=
2pi
~
nimpNnVimp(Rn)
2
∣∣∣(m,χς(φ)|eikiσ ·r, χσ(φ)〉∣∣∣2D(d)m,ς . (30)
Here, 1/τs,σ is the s–s scattering rate, which is considered to be independent of i. The
s–s scattering means that the conduction electron of the σ spin is scattered into the
conduction state of the σ spin by nonmagnetic impurities and phonons. The quantity
1/τ is,σ→m,ς(φ) is the s–d scattering rate in the case of i.
25, 26) The s–d scattering means
that the conduction electron of the σ spin is scattered into the σ spin state in |m,χς(φ))
8/39
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of Eq. (26) by nonmagnetic impurities. The quantity D
(d)
m,ς represents the partial density
of states (PDOS) of the wave function of the tight-binding model for the d state of the
m orbital and ς spin at the Fermi energy EF, as described in Appendix B in Ref. 25.
The conduction state of the σ spin |eikiσ ·r, χσ(φ)〉 is represented by the plane wave, i.e.,
|eik
i
σ ·r, χσ(φ)〉 = 1√
Ω
eik
i
σ ·rχσ(φ), (31)
where kiσ [=(k
i
x,σ, k
i
y,σ, k
i
z,σ)] is the Fermi wave vector of the σ spin in the i direction,
r is the position of the conduction electron, and Ω is the volume of the system. The
quantity Vimp(Rn) is the scattering potential at Rn due to a single impurity, where Rn is
the distance between the impurity and the nearest-neighbor host atom.25) The quantity
Nn is the number of nearest-neighbor host atoms around a single impurity,
25) nimp is
the number density of impurities, and ~ is the Planck constant h divided by 2pi.
We calculate the overlap integral 〈m,χσ(φ)|eik
i
σ·r, χσ(φ)〉 in Eq. (30) using Eq. (C·1)
in Ref. 27. The overlap integrals of I//[100], I//[110], and I//[001] are as follows:
(i) I//[100]
In the case of I//[100] corresponding to k[100]σ = (kσ, 0, 0), the overlap integral
becomes
〈xy, χσ′(φ)|eikσx, χσ(φ)〉 = 〈yz, χσ′(φ)|eikσx, χσ(φ)〉 = 〈xz, χσ′(φ)|eikσx, χσ(φ)〉 = 0,
(32)
〈x2 − y2, χσ′(φ)|eikσx, χσ(φ)〉 = 1
2
gσδσ,σ′ , (33)
〈3z2 − r2, χσ′(φ)|eikσx, χσ(φ)〉 = − 1
2
√
3
gσδσ,σ′ , (34)
with
gσ = − 192piΓζk
2
σ√
Ω(k2σ + ζ
2)4
. (35)
The scatterings from the plane wave to |3z2 − r2, χσ(φ)〉 and |x2 − y2, χσ(φ)〉 are
thus allowed. Using Eqs. (32) and (17)−(22), we also have
〈ξ+, χσ′(φ)|eikσx, χσ(φ)〉 = 〈δε, χσ′(φ)|eikσx, χσ(φ)〉 = 〈ξ−, χσ′(φ)|eikσx, χσ(φ)〉 = 0. (36)
(ii) I//[110]
In the case of I//[110] corresponding to k[110]σ = (kσ, kσ, 0)/
√
2, the overlap integral
is
〈xy, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = 1
2
gσδσ,σ′ , (37)
9/39
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〈yz, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = 〈xz, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = 0,
(38)
〈x2 − y2, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = 0, (39)
〈3z2 − r2, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = − 1
2
√
3
gσδσ,σ′ . (40)
The scatterings from the plane wave to |xy, χσ(φ)〉 and |3z2 − r2, χσ(φ)〉 are thus
allowed. Using Eqs. (37), (38), and (17)−(22), we also have
〈ξ+, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = 1
2
A
(
δe −
√
δ2e + λ
2
)
gσδσ,σ′ , (41)
〈δε, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = 0, (42)
〈ξ−, χσ′(φ)|ei(kσx+kσy)/
√
2, χσ(φ)〉 = 1
2
B
(
δe +
√
δ2e + λ
2
)
gσδσ,σ′ , (43)
where A and B have been given by Eqs. (24) and (25), respectively.
(iii) I//[001]
In the case of I//[001] corresponding to k[001]σ = (0, 0, kσ), the overlap integral is
〈xy, χσ′(φ)|eikσz, χσ(φ)〉 = 〈yz, χσ′(φ)|eikσz, χσ(φ)〉 = 〈xz, χσ′(φ)|eikσz, χσ(φ)〉 = 0,
(44)
〈x2 − y2, χσ′(φ)|eikσz, χσ(φ)〉 = 0, (45)
〈3z2 − r2, χσ′(φ)|eikσz, χσ(φ)〉 = 1√
3
gσδσ,σ′ . (46)
Only the scattering from the plane wave to |3z2 − r2, χσ(φ)〉 is thus allowed. Using
Eqs. (44) and (17)−(22), we also have
〈ξ+, χσ′(φ)|eikσz, χσ(φ)〉 = 〈δε, χσ′(φ)|eikσz, χσ(φ)〉 = 〈ξ−, χσ′(φ)|eikσz, χσ(φ)〉 = 0. (47)
Substituting the above results into Eq. (30), we obtain the expression for ρiσ(φ) of
Eq. (28) as shown in Appendix C. Here, ρiσ(φ) is expressed by using the following
quantities:26)
ρs,σ =
m∗σ
nσe2τs,σ
, (48)
ρs,σ→m,ς =
m∗σ
nσe2τs,σ→m,ς
, (49)
where ρs,σ is the s–s resistivity and ρs,σ→m,ς is the s–d resistivity. The s–d scattering
rate 1/τs,σ→m,ς is defined by
1
τs,σ→m,ς
=
2pi
~
nimpNnVimp(Rn)
2
∣∣〈3z2 − r2, χσ(φ)|eikσz, χσ(φ)〉∣∣2D(d)m,ς
10/39
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=
2pi
~
nimpNn
1
3
v2σD
(d)
m,ς , (50)
with
vσ = Vimp(Rn)gσ, (51)
where gσ is given by Eq. (35). The overlap integral 〈3z2 − r2, χσ(φ)|eikσz, χσ(φ)〉 in Eq.
(50) can be calculated by using Eq. (C·1) in Ref. 27. Here, Eq. (50) has been introduced
to investigate the relation between the present result and the previous ones3, 25, 26) (also
see Appendix G).
We also note that, as found from Eq. (50), ρs,σ→m,ς of Eq .(49) satisfies
ρs,σ→m,ς ∝ D(d)m,ς . (52)
This relation is useful to give a physical explanation for C ij.
3. Application
We apply the theory of Sect. 2 to ferromagnets with D
(d)
m,+ = 0 and D
(d)
m,− 6= 0. Using
ρiσ(φi) in Appendix C, we obtain AMR
i(φi) of Eq. (1) for the ferromagnets. The AMR
ratio AMRi(φi) is expressed up to the second order of λ/H , λ/∆, λ/(H ± ∆), δt/H ,
δt/∆, and δt/(H ±∆), with t = ε or γ. Here, we introduce
r =
ρs,−
ρs,+
, (53)
rs,σ→m,− =
ρs,σ→m,−
ρs,+
, (54)
in accordance with our previous study.26) In addition, we set
rs,σ→δε,− ≡ rs,σ→ε1,−, (55)
rs,σ→ξ+,− = rs,σ→ξ−,− ≡ rs,σ→ε2,−, (56)
for simplicity.
3.1 I//[100]
Using Eqs. (1), (27), and (C·9), we obtain AMR[100](φ):
AMR[100](φ) = C
[100]
0 + C
[100]
2 cos 2φ+ C
[100]
4 cos 4φ. (57)
Here, C
[100]
0 is determined so as to satisfy AMR
[100](pi/2) = 0. In addition, C
[100]
2 and
C
[100]
4 are expressed as Eqs. (D·1) and (D·2), respectively. Using Eqs. (D·1) and (D·2),
Eq. (43) in Ref. 27, Eq. (45) in Ref. 27, Eq. (46) in Ref. 27, Eq. (2) in Ref. 28, and Eq.
(3) in Ref. 28, we derive expressions for C
[100]
2 and C
[100]
4 , where ρs,σ→m,+ = 0 due to
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D
(d)
m,+ = 0 is taken into account. The respective expressions are given in Sect. E.1.
3.2 I//[110]
Using Eqs. (1), (27), and (C·15), we obtain AMR[110](φ′):
AMR[110](φ′) = C [110]0 + C
[110]
2 cos 2φ
′ + C [110]4 cos 4φ
′ + C [110]6 cos 6φ
′ + C [110]8 cos 8φ
′. (58)
Here, C
[110]
0 is determined so as to satisfy AMR
[110](pi/2) = 0. In addition, C
[110]
2 , C
[110]
4 ,
C
[110]
6 , and C
[110]
8 are expressed as Eqs. (D·5), (D·6), (D·7), and (D·8), respectively. Using
Eqs. (D·5)−(D·8), (C·23), (C·24), and (C·27)−(C·32), we derive expressions for C [110]2 ,
C
[110]
4 , C
[110]
6 , and C
[110]
8 . The respective expressions are given in Sect. E.2.
3.3 I//[001]
Using Eqs. (1), (27), and (C·33), we obtain AMR[001](φ):
AMR[001](φ) = C
[001]
0 + C
[001]
4 cos 4φ. (59)
Here, C
[001]
0 is determined so as to satisfy AMR
[001](pi/2) = 0. In addition, C
[001]
4 is
expressed as Eq. (D·9). Using Eqs. (D·9), (C·36), (C·37), (C·40), and (C·41), we derive
an expression for C
[001]
4 . The respective expressions are given in Sect. E.3. Note that the
feature that the φ-dependent term is only the cos 4φ term is also found in the expression
by Do¨ring,32) i.e., Eq. (A·10).
3.4 Simplified system
On the basis of the above-mentioned C ij , we obtain a simple expression for C
i
j for
the simplified system. In this system, we assume
rs,−→x2−y2,− = rs,−→3z2−r2,− ≡ rs,−→γ,−, (60)
which corresponds to ρs,−→x2−y2,− = ρs,−→3z2−r2,−, i.e., D
(d)
x2−y2,− = D
(d)
3z2−r2,− [see Eqs.
(54) and (52)]. This assumption may be valid for the system of D
(d)
x2−y2,− ∼ D(d)3z2−r2,−
and/or |λ|/δγ ≪ 1. The reason is that the terms with rs,−→3z2−r2,− − rs,−→x2−y2,−
in C ij have
(
λ
δγ
)
(rs,−→3z2−r2,− − rs,−→x2−y2,−),
(
λ
δγ
)2
(rs,−→3z2−r2,− − rs,−→x2−y2,−), and(
λ
δγ
)2
(rs,−→3z2−r2,− − rs,−→x2−y2,−)2. We also use ( λH±∆)2 ≈
(
λ
H
)2
, λ
2
∆(H±∆) ≈ λ
2
H∆
∓(
λ
H
)2
, and λ
2
H(H±∆) ≈
(
λ
H
)2
due to ∆/H ≪ 1.
For this system, we consider three types:
(i) type A: generalized strong ferromagnet with the s–d scattering “s,+ → d,− and
s,− → d,−”,
(ii) type B: half-metallic ferromagnet with the dominant s–d scattering “s,− → d,−”,
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and
(iii) type C: specified strong ferromagnet with the dominant s–d scattering “s,+ →
d,−”.
In Tables I, II, and III, we show C ij for types A, B, and C, respectively. The coefficient
C ij for type A is derived by imposing Eq. (60) on Eqs. (E·1)−(E·3), (E·4)−(E·8), (E·9),
and (E·10). The coefficient C ij for type B is obtained by imposing r ≪ 1, rs,σ→ε1,− ≪ 1,
rs,σ→ε2,− ≪ 1, and rs,σ→γ,− ≪ 1 on C ij for type A in Table I. The coefficient C ij for type
C is obtained by imposing r ≫ rs,σ→ε1,−, r ≫ rs,σ→ε2,−, r ≫ rs,σ→γ,−, and r ≫ 1 on C ij
for type A in Table I, where r is set to be large enough for the term including r in the
numerator to become dominant in each C ij in spite of ∆/H ≪ 1. Note here that C [110]6
and C
[110]
8 are regarded as 0, because C
[110]
6 and C
[110]
8 in Table I include r only in the
respective denominators and then they become smaller than the other C ij.
We also mention that C
[100]
2 and C
[100]
4 for type A in Table I are, respectively, the
coefficients in our previous study, i.e., Eqs. (61) and (62) in Ref. 27, where ( λ
H±∆)
2 ≈
( λ
H
)2 is used in this study. In addition, AMR[100](0) of Eq. (57) with C
[100]
2 in Table I
and AMR[110](0) of Eq. (58) with C
[110]
2 and C
[110]
6 in Table I correspond to the CFJ
model3) under the condition of the CFJ model (see Appendix G).40)
4. Consideration
We consider the origin of C ij cos jφi for type A and features of C
i
j for types A, B,
and C.
4.1 Origin of C ij cos jφi for type A
We point out that C ij cos jφi for type A originates from the changes in the d states
[i.e., |m,χς(φ)) of Eq. (26)] due to Vso, where the changes are expressed by cm,ς(φ) and
cm,ςn,σ (φ) in Eq. (26). As shown in Eqs. (D·3)−(D·9), C ij cos jφi has a single ρi,(2)j,σ cos jφi
in the numerator of each term. This ρ
i,(2)
j,σ cos jφi consists of the second-order terms of
λ/H , λ/∆, λ/(H ± ∆), δt/H , δt/∆, and δt/(H ± ∆), with t = ε or γ (see Appendix
C). The second-order terms are related to the changes in the d states due to Vso [see
Eqs. (28)−(30) and (26)].
Table IV shows the origin of C ij cos jφi with i = [100], [110], and [001] for type A.
Here, we pay attention to the overlap integrals of Eqs. (32)−(47). We find that C i2 cos 2φi
and C i6 cos 6φi are related to the probability amplitudes of the slightly hybridized states
and C i4 cos 4φi is related to the probability of the slightly hybridized state (i.e., |3z2 −
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Table I. The coefficient Cij for type A, i.e., the generalized strong ferromagnet with the s–d scattering
“s,+→ d,− and s,− → d,−”. Type A has D(d)m,+ = 0, D(d)m,− 6= 0, rs,σ→δε,− ≡ rs,σ→ε1,−, rs,σ→ξ+,− =
rs,σ→ξ
−
,− ≡ rs,σ→ε2,−, rs,σ→3z2−r2,− = rs,σ→x2−y2,− ≡ rs,σ→γ,−, and ∆/H ≪ 1. This Cij is obtained
by imposing rs,σ→3z2−r2,− = rs,σ→x2−y2,− ≡ rs,σ→γ,− and ∆/H ≪ 1 on Eqs. (E·1)−(E·10).
Coefficient
I//[100]
C
[100]
0 = C
[100]
2 − C [100]4
C
[100]
2 =
3
8
1
1+r+rs,−→γ,−
[ (
λ
∆
)2 rs,−→γ,−−rs,−→ε1,−
r+rs,−→γ,−
− ( λ
H
)2 rs,−→γ,−
r+rs,−→γ,−
+
(
λ
H
)2
rs,+→ε2,−(r + rs,−→γ,−)
]
C
[100]
4 =
3
32
1
1+r+rs,−→γ,−
[ (
λ
∆
)2 rs,−→ε1,−−rs,−→ε2,−
r+rs,−→γ,−
+
(
λ
H
)2
(rs,+→ε2,− − rs,+→ε1,−)(r + rs,−→γ,−)
]
I//[110]
C
[110]
0 = C
[110]
2 − C [110]4 + C [110]6 − C [110]8
C
[110]
2 =
3
8
1
1+r+ 3
4
rs,−→ε2,−+
1
4
rs,−→γ,−
[ (
λ
∆
)2 3
4
rs,−→ε1,−+
1
4
rs,−→ε2,−−rs,−→γ,−
r+ 3
4
rs,−→ε2,−+
1
4
rs,−→γ,−
+ λ
2
H∆
3
4
rs,−→ε1,−− 74 rs,−→ε2,−+rs,−→γ,−
r+ 3
4
rs,−→ε2,−+
1
4
rs,−→γ,−
+ 3
4
(
λ
H
)2 rs,−→ε1,−−rs,−→ε2,−
r+ 3
4
rs,−→ε2,−+
1
4
rs,−→γ,−
− ( λ
H
)2 rs,−→γ,−
r+ 3
4
rs,−→ε2,−+
1
4
rs,−→γ,−
+
(
λ
H
)2
rs,+→ε1,−
(
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
) ]
C
[110]
4 =
3
32
1
1+r+ 3
4
rs,−→ε2,−+
1
4
rs,−→γ,−
[ (
λ
∆
)2 rs,−→ε2,−−rs,−→ε1,−
r+ 3
4
rs,−→ε2,−+
1
4
rs,−→γ,−
+
(
λ
H
)2
(rs,+→ε1,− − rs,+→ε2,−)
(
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
) ]
C
[110]
6 =
9
32
[(
λ
∆
)2
+ λ
2
H∆
+
(
λ
H
)2] rs,−→ε2,−−rs,−→ε1,−
(r+ 34 rs,−→ε2,−+
1
4
rs,−→γ,−)(1+r+ 34 rs,−→ε2,−+
1
4
rs,−→γ,−)
C
[110]
8 =
27
128
[(
λ
∆
)2
+ 2 λ
2
H∆
+ 3
(
λ
H
)2] rs,−→ε2,−−rs,−→ε1,−
(r+ 34 rs,−→ε2,−+
1
4
rs,−→γ,−)(1+r+ 34 rs,−→ε2,−+
1
4
rs,−→γ,−)
I//[001]
C
[001]
0 = −C [001]4
C
[001]
4 =
3
8
1
1+r+rs,−→γ,−
[(
λ
∆
)2 rs,−→ε1,−−rs,−→ε2,−
r+rs,−→γ,−
+
(
λ
H
)2
(rs,+→ε2,− − rs,+→ε1,−)(r + rs,−→γ,−)
]
r2, χ±〉). In addition, C i8 cos 8φi is related to the probability of the slightly hybridized
state (i.e., |xy, χ−〉) and the probability amplitude of the slightly reduced state (i.e.,
|xy, χ−〉) in the dominant states. The details are explained in Appendix F.
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Table II. The coefficient Cij for type B, i.e., the half-metallic ferromagnet with the dominant s–d
scattering “s,− → d,−”. This Cij is obtained by imposing r ≪ 1, rs,σ→ε1,− ≪ 1, rs,σ→ε2,− ≪ 1, and
rs,σ→γ,− ≪ 1 on Cij for type A in Table I.
Coefficient
I//[100]
C
[100]
0 = C
[100]
2 − C [100]4
C
[100]
2 =
3
8
[(
λ
∆
)2
rs,−→γ,− − rs,−→ε1,−
r + rs,−→γ,−
−
(
λ
H
)2
rs,−→γ,−
r + rs,−→γ,−
]
C
[100]
4 =
3
32
(
λ
∆
)2
rs,−→ε1,− − rs,−→ε2,−
r + rs,−→γ,−
I//[110]
C
[110]
0 = C
[110]
2 − C [110]4 + C [110]6 − C [110]8
C
[110]
2 =
3
8
[(
λ
∆
)2 3
4
rs,−→ε1,− + 14rs,−→ε2,− − rs,−→γ,−
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
+
λ2
H∆
3
4
rs,−→ε1,− − 74rs,−→ε2,− + rs,−→γ,−
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
+
3
4
(
λ
H
)2
rs,−→ε1,− − rs,−→ε2,−
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
−
(
λ
H
)2
rs,−→γ,−
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
]
C
[110]
4 =
3
32
(
λ
∆
)2
rs,−→ε2,− − rs,−→ε1,−
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
C
[110]
6 =
9
32
[(
λ
∆
)2
+
λ2
H∆
+
(
λ
H
)2]
rs,−→ε2,− − rs,−→ε1,−
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
C
[110]
8 =
27
128
[(
λ
∆
)2
+ 2
λ2
H∆
+ 3
(
λ
H
)2]
rs,−→ε2,− − rs,−→ε1,−
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
I//[001]
C
[001]
0 = −C [001]4
C
[001]
4 =
3
8
(
λ
∆
)2
rs,−→ε1,− − rs,−→ε2,−
r + rs,−→γ,−
4.2 Features in C ij for types A, B, and C
We describe the features of the respective terms in C ij for type A in Table I. We first
find that C ij consists of the terms with (λ/∆)
2, (λ/H)2, and λ2/(H∆). Their terms are
related to the changes in the d states due to Vso, as noted in Sect. 4.1. On the basis of
|(m,χς(φ)|eik
i
σ ·r, χσ(φ)〉|2 in Eq. (30), we show that such terms arise from the following
two origins. One is the square of the first-order perturbation terms in the d states such
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Table III. The coefficient Cij for type C, i.e., the specified strong ferromagnet with the dominant s–d
scattering “s,+→ d,−”. This Cij is obtained by imposing r ≫ rs,σ→ε1,−, r ≫ rs,σ→ε2,−, r ≫ rs,σ→γ,−,
and r ≫ 1 on Cij for type A in Table I, where r is set to be large enough for the term including r in
the numerator to become dominant in each Cij in spite of ∆/H ≪ 1.
Coefficient
I//[100]
C
[100]
0 = C
[100]
2 − C [100]4
C
[100]
2 =
3
8
(
λ
H
)2
rs,+→ε2,−
C
[100]
4 =
3
32
(
λ
H
)2
(rs,+→ε2,− − rs,+→ε1,−)
I//[110]
C
[110]
0 = C
[110]
2 − C [110]4 + C [110]6 − C [110]8
C
[110]
2 =
3
8
(
λ
H
)2
rs,+→ε1,−
C
[110]
4 =
3
32
(
λ
H
)2
(rs,+→ε1,− − rs,+→ε2,−)
C
[110]
6 = 0
C
[110]
8 = 0
I//[001]
C
[001]
0 = −C [001]4
C
[001]
4 =
3
8
(
λ
H
)2
(rs,+→ε2,− − rs,+→ε1,−)
as
∑
k(6=m,mi)
Vk,m
Em−Ek |k〉 in Eq. (B·2), where the square comes from the above-mentioned
square of the overlap integral. The other is the second-order perturbation terms in
the d states such as
∑
k(6=m,mi)
∑
n(6=m,mi)
Vn,m
Em−En
Vk,n
Em−Ek |k〉 in Eq. (B·2). Specifically, the
second-order perturbation terms are multiplied by the zero-order term [i.e., |m〉 in Eq.
(B·2)] in the calculation of the above-mentioned square of the overlap integral. Here,
H in the denominators is the energy difference between the different spin states. This
H therefore indicates the hybridization between them. In contrast, ∆ in the denom-
inators is the energy difference between the same spin states. This ∆ represents the
hybridization between them.41) Next, using Eqs. (54) and (52), we confirm that C
[100]
4 ,
C
[110]
4 , C
[110]
6 , C
[110]
8 , and C
[001]
4 are proportional to D
(d)
ε2,−−D(d)ε1,−. Their magnitudes may
indicate the degree of the tetragonal distortion. In addition, the signs of C
[110]
6 and C
[110]
8
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Table IV. Origin of Cij cos jφi for type A in Table I, with j=2, 4, 6, and 8; i = [100], [110], and
[001]; φ[100] = φ[001] = φ; and φ[110] = φ
′. Type A has D
(d)
m,+ = 0, D
(d)
m,− 6= 0, rs,σ→δε,− ≡ rs,σ→ε1,−,
rs,σ→ξ+,− = rs,σ→ξ− ,− ≡ rs,σ→ε2,−, rs,σ→3z2−r2,− = rs,σ→x2−y2,− ≡ rs,σ→γ,−, and ∆/H ≪ 1. The
symbol PA (P) represents the probability amplitude (probability). The symbol N/A means “not ap-
plicable”. For “PA of |xy, χ−〉” in C [110]8 cos 8φ[110], this |xy, χ−〉 is the slightly reduced state, which is
included in |m,χς(φ)〉 in Eq. (26). In contrast, the other states in this table are the slightly hybridized
states, which are included in |n, χσ(φ)〉 in Eq. (26).
i Ci2 cos 2φi C
i
4 cos 4φi C
i
6 cos 6φi C
i
8 cos 8φi
[100] PA of |3z2 − r2, χ±〉 P of |3z2 − r2, χ±〉 N/A N/A
PA of |x2 − y2, χ−〉
[110] PA of |3z2 − r2, χ±〉 P of |3z2 − r2, χ±〉 PA of |3z2 − r2, χ−〉 P of |xy, χ−〉
PA of |xy, χ−〉 (PA of |3z2 − r2, χ−〉) PA of |xy, χ−〉
(PA of |3z2 − r2, χ−〉) ×(PA of |xy, χ−〉)
×(PA of |xy, χ−〉)
[001] N/A P of |3z2 − r2, χ±〉 N/A N/A
reveal the magnitude relation of D
(d)
ε2,− and D
(d)
ε1,−. Note also that all of the terms in the
coefficients of type A are extracted for type B in Table II and type C in Table III.
For type B in Table II, we find that C
[100]
4 , C
[110]
4 , C
[110]
6 , C
[110]
8 , and C
[001]
4 are propor-
tional to D
(d)
ε2,− −D(d)ε1,−. Their signs reveal the magnitude relation of D(d)ε2,− and D(d)ε1,−.
For type C in Table III, we find that C
[100]
2 and C
[110]
2 are proportional to the PDOS
of the dε states at EF [also see Eqs. (54) and (52)]. Their signs are always positive. In
contrast, C
[100]
4 , C
[110]
4 , and C
[001]
4 are proportional to D
(d)
ε2,−−D(d)ε1,−. Their signs indicate
the magnitude relation of D
(d)
ε2,− and D
(d)
ε1,−.
5. C
[100]
4 = −C
[110]
4
We obtain the relation C
[100]
4 = −C [110]4 of Eq. (4), which was experimentally ob-
served for Ni,30, 31) under the condition of rs,−→ε2,− = rs,−→γ,−. The details are described
below.
We first show the condition to obtain C
[100]
4 = −C [110]4 on the basis of the features
of C
[100]
4 and C
[110]
4 . Under the condition of rs,−→x2−y2,− = rs,−→3z2−r2,− ≡ rs,−→γ,−
of Eq. (60) (i.e., ρs,−→x2−y2,− = ρs,−→3z2−r2,− or D
(d)
x2−y2,− = D
(d)
3z2−r2,−), C
[100]
4 of Eq.
(D·4) consists of ρ[100],(2)4,± of Eq. (3) in Ref. 28 and ρ[100],(0)0,± of Eq. (43) in Ref. 27,
where ρs,±→m,+ = 0 due to D
(d)
m,+ = 0, ρs,−→x2−y2,− = ρs,−→3z2−r2,−, and Eqs. (55) and
(56) [i.e., Eqs. (C·13) and (C·14)] are set. In addition, C [110]4 of Eq. (D·6) is composed
of ρ
[110],(2)
4,± of Eqs. (C·29) and (C·30) and ρ[110],(0)0,± of Eqs. (C·23) and (C·24), where
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ρs,−→x2−y2,− = ρs,−→3z2−r2,−. In this case, ρ
[100],(2)
4,± and ρ
[110],(2)
4,± satisfy
42)
ρ
[100],(2)
4,± = −ρ[110],(2)4,± . (61)
Furthermore, under the condition of rs,−→ε2,− = rs,−→x2−y2,− (i.e., D
(d)
ξ+,− = D
(d)
ξ−,− =
D
(d)
x2−y2,−), ρ
[100],(0)
0,± and ρ
[110],(0)
0,± satisfy
ρ
[100],(0)
0,± = ρ
[110],(0)
0,± . (62)
As a result, under the condition of rs,−→ε2,− = rs,−→γ,− (i.e., D
(d)
ξ+,− = D
(d)
ξ−,− =
D
(d)
x2−y2,− = D
(d)
3z2−r2,−),
43) we can obtain C
[100]
4 = −C [110]4 using Eqs. (62), (61), (D·4),
and (D·6). Here, Eq. (62) represents the equality between the constant terms, which
are independent of φ. In contrast, Eq. (61) directly contributes to C
[100]
4 = −C [110]4 .
We next explain the relation of Eq. (61) in detail. For ρ
[100],(2)
4,± and ρ
[110],(2)
4,± , we
consider ρ
[100],(2)
4,± cos 4φ in Eqs. (C·9) and (C·12) and ρ[110],(2)4,± cos 4φ′ in Eqs. (C·15) and
(C·18). They originally arise from the overlap integrals between the plane wave and
|3z2−r2, χ±(φ)〉 (also see Table IV), where this |3z2−r2, χ±(φ)〉 is included in |ξ+, χ−(φ))
and |δε, χ−(φ)). The overlap integral for I//[100] is given by Eq. (34), and that for
I//[110] is given by Eq. (40). We emphasize here that Eqs. (34) and (40) produce the
same expression in spite of the difference in the plane waves between I//[100] and
I//[110]. This feature reflects the fact that |3z2− r2, χ±(φ)〉 possesses continuous rota-
tional symmetry around the z-axis. As a result, the I//[100] and I//[110] cases give the
same fourfold symmetric resistivity, ρ∗± cos 4φ, where ρ
∗
+ (ρ
∗
−) represents the coefficient of
the up (down) spin of the cos 4φ term. When I//[100], we have ρ∗± cos 4φ≡ρ[100],(2)4,± cos 4φ,
i.e., ρ∗± ≡ ρ[100],(2)4,± . When I//[110], we obtain ρ∗± cos 4φ = −ρ∗± cos 4φ′ by substitut-
ing φ = φ′ + pi/4 into ρ∗± cos 4φ. We then have −ρ∗± cos 4φ′ ≡ ρ[110],(2)4,± cos 4φ′, i.e.,
−ρ∗± ≡ ρ[110],(2)4,± . The above results thus give the relation of ρ[100],(2)4,± = −ρ[110],(2)4,± of
Eq. (61).
We also mention that Eq. (4) is found in the expression by Do¨ring,32) i.e., Eqs.
(A·5) and (A·9). It is noted here that Do¨ring’s expression [i.e., Eq. (A·1)] does not
directly need the condition of rs,−→x2−y2,− = rs,−→3z2−r2,− and rs,−→ε2,− = rs,−→x2−y2,−
to obtain Eq. (4). In other words, such a condition appears to be originally included
in Do¨ring’s expression. First, ∆ρ/ρ of Eq. (A·1) is an expression for the cubic system
and this system exhibits rs,−→x2−y2,− = rs,−→3z2−r2,− due to D
(d)
x2−y2,− = D
(d)
3z2−r2,−.
Next, the condition of rs,−→ε2,− = rs,−→x2−y2,− comes from a constant term, C0, in
the expression for the resistivity in Ref. 44, where C0 is independent of the current
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direction. The constant term C0 corresponds only to ρ
[100],(0)
0,+ ρ
[100],(0)
0,− /(ρ
[100],(0)
0,+ +ρ
[100],(0)
0,− )
or ρ
[110],(0)
0,+ ρ
[110],(0)
0,− /(ρ
[110],(0)
0,+ + ρ
[110],(0)
0,− ) in the present theory, where ρs,±→m,+ = 0 due to
D
(d)
m,+ = 0 should be set for ρ
[100],(0)
0,± of Eq. (43) in Ref. 27. Here, ρ
[100],(0)
0,± and ρ
[110],(0)
0,±
consist of ρs,±→ε2,− and ρs,±→x2−y2,−, respectively. The other parts in ρ
[100],(0)
0,± and ρ
[110],(0)
0,±
are equal. From C0 = ρ
[100],(0)
0,+ ρ
[100],(0)
0,− /(ρ
[100],(0)
0,+ + ρ
[100],(0)
0,− ) = ρ
[110],(0)
0,+ ρ
[110],(0)
0,− /(ρ
[110],(0)
0,+ +
ρ
[110],(0)
0,− ), we therefore obtain ρs,−→ε2,− = ρs,−→x2−y2,−, i.e., rs,−→ε2,− = rs,−→x2−y2,− [see
Eq. (54)].
6. Coefficients for Ni
Using C ij for type A, we qualitatively explain the experimental results of C
[100]
2 ,
C
[100]
4 , C
[110]
2 , and C
[110]
4 at 293 K for Ni (see Table V). In particular, we focus on their
signs. The details are described below.
We first note that the experimental values in Table V indicate the estimated values
of C ij in the expression for the AMR ratio by Do¨ring in Appendix A. These values
are estimated by applying Do¨ring’s expression to the experimentally observed AMR
ratio.30) Here, Do¨ring’s expression consists of C ij cos jφi with j =0, 2, and 4; that is,
this expression does not take into account higher-order terms of C ij cos jφi with j ≥ 6.
In contrast, our theory produces higher-order terms of C
[110]
j cos jφ
′ with j ≥ 6. They
are straightforwardly obtained up to the second order of λ/H , λ/∆, λ/(H ±∆), δt/H ,
δt/∆, and δt/(H±∆), with t = ε or γ, where ( λH−∆)2 ≈
(
λ
H
)2
and λ
2
∆(H−∆) ≈ λ
2
H∆
+
(
λ
H
)2
are also used.
Next, as a model to investigate the experimental result, we choose type A in Table
I. The procedure for choosing type A is as follows:
(i) The relatively large value of C
[100]
4 (= −C [110]4 ) in Table V means that this Ni has
the crystal field of tetragonal symmetry, as found from the calculation results using
the exact diagonalization method (see Figs. 7 and 8 in Ref. 27).34) We therefore
adopt the present model with the crystal field of tetragonal symmetry.
(ii) We set the condition of rs,−→ε2,− = rs,−→γ,− to reproduce C
[100]
4 = −C [110]4 (see
Sect. 5). We note here that this condition may be valid for Ni. First, we believe
that rs,−→x2−y2,− = rs,−→3z2−r2,− ≡ rs,−→γ,− of Eq. (60) (i.e., D(d)x2−y2,− = D(d)3z2−r2,−)
has no problem when δγ is relatively small as shown in Fig. 1. We next consider
the condition of rs,−→ε2,− = rs,−→γ,− (i.e., ρs,−→ε2,− = ρs,−→γ,−). From Ref. 43, we
know that the condition may be rewritten as
∣∣∣ (3/4)(ρs,−→ε2,−−ρs,−→γ,−)ρs,−+ρs,−→γ,−
∣∣∣ ≪ 1. This
is now expressed as
∣∣∣ (3/4)(rs,−→ε2,−−rs,−→γ,−)r+rs,−→γ,−
∣∣∣ ≪ 1 by using Eqs. (53) and (54). As
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noted below, we choose r = 3.00 and rs,−→γ,− = 2.00 for Ni. In this case, we have
|rs,−→ε2,− − rs,−→γ,−| ≪ 6.67. On the other hand, rs,−→ε2,− and rs,−→γ,− were eval-
uated to be about 2.5 for Ni in a previous study.25) We therefore roughly estimate
|rs,−→ε2,− − rs,−→γ,−| < 1. This inequality satisfies |rs,−→ε2,− − rs,−→γ,−| ≪ 6.67.
(iii) We choose a type suitable for explaining the experimental result from types A, B,
and C. Since the dominant s–d scattering for Ni is considered to be s+ → d−,26)
type C is a prime candidate, while type B is not a candidate. In type C in Table
III, however, we cannot explain the experimental results in Table V. The reason
is that the relation of rs,+→ǫ2,− > rs,+→ǫ1,− deduced from the experimental result
of C
[100]
4 > 0 and C
[110]
4 < 0 contradicts that of rs,+→ǫ2,− < rs,+→ǫ1,− deduced from
the experimental result of C
[110]
2 > C
[100]
2 > 0. We thus choose type A, which is the
comprehensive type.
For C ij of type A, we roughly determine the parameters. From the previously evalu-
ated ρs→d↓/ρs↑ (∼ 2.5),25) we first set rs,±→ε1,− = 2.50 and rs,±→ε2,− = rs,±→γ,− = 2.00,
where the relation of rs,±→ε1,− > rs,±→ε2,−(= rs,±→γ,−) results in C
[110]
2 > C
[100]
2 . We
next choose the other parameters so as to reproduce the experimental results, to some
extent: λ/H = 1.10× 10−1,45) H/∆ = 7.00, and r = 3.00.48)
Table V shows the theoretical values of C ij . The theoretical values of C
i
2 and C
i
4 agree
qualitatively with the respective experimental ones. Namely, the signs of the theoretical
values of C i2 and C
i
4 are the same as the respective experimental ones. The theoretical
value of C i2 is relatively close to its experimental one. On the other hand, the theoretical
value of |C i4| is considerably different from its experimental one. In addition, our theory
gives C
[110]
6 and C
[110]
8 , which were not evaluated in the experiment. The relation of
C
[110]
2 > |C [110]6 | > |C [110]8 | > |C [110]4 | is also obtained in our theory. Such a difference
between the experimental and theoretical results may be a future subject of research.
In particular, C
[110]
6 and C
[110]
8 may be evaluated by extending Do¨ring’s expression to
the expression with higher-order terms of C
[110]
j cos jφ
′ with j ≥ 649) and applying the
extended expression to the experimental result. Our theoretical values of C
[110]
6 and
C
[110]
8 may be then examined on the basis of the experimentally evaluated values.
We discuss the dominant s–d scatterings observed in C
[100]
2 (> 0), C
[100]
4 (> 0), C
[110]
2
(> 0), and C
[110]
4 (< 0) in Table I. Here, we focus on the dominant terms in C
[100]
2 , C
[100]
4 ,
C
[110]
2 , and C
[110]
4 . The dominant terms in C
[100]
2 and C
[110]
2 are, respectively, the terms
with
(
λ
H
)2
rs,+→ε2,−(r+rs,−→γ,−) and
(
λ
H
)2
rs,+→ε1,−
(
r + 3
4
rs,−→ε2,− + 14rs,−→γ,−
)
, which
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are positive. These terms arise from the s–d scattering “s,+→ d,−”. In contrast, the
dominant term in C
[100]
4 is the term with (λ/∆)
2, which is positive. In addition, the
dominant term in C
[110]
4 is the term with (λ/∆)
2, which is negative. These terms arise
from the s–d scattering “s,− → d,−”. The dominant s–d scattering observed in C i4 is
thus different from that observed in C i2.
We also comment on the dominant terms in C
[100]
4 and C
[110]
4 , i.e., the terms with
(λ/∆)2. When C
[100]
4 and C
[110]
4 are approximated as only the terms with (λ/∆)
2, we
have
C
[100]
4 = −C [110]4 ∝
(
λ
∆
)2 (
D
(d)
ε1,− −D(d)ε2,−
)
, (63)
where Eqs. (54) and (52) are used. From Eq. (63) and the experimental results of
C
[100]
4 > 0 and C
[110]
4 < 0, we predict the relation of D
(d)
ε1,− > D
(d)
ε2,− due to the tetragonal
distortion.
Table V. The experimental values of C
[100]
2 , C
[100]
4 , C
[110]
2 , and C
[110]
4 at 293 K for Ni
30, 31) and the
theoretical values calculated from Cij for type A in Table I. In this calculation, we use the parameter
sets of rs,±→ε1,− = 2.50,
25) rs,±→ε2,− = rs,±→γ,− = 2.00,
25) λ/H = 1.10× 10−1,45) H/∆ = 7.00, and
r = 3.00.48)
C
[100]
2 C
[100]
4 C
[110]
2 C
[110]
4 C
[110]
6 C
[110]
8
Experiment30, 31) 5.00× 10−3 2.63× 10−3 1.25× 10−2 −2.63× 10−3 - -
Theory 3.55× 10−3 4.54× 10−4 1.24× 10−2 −4.54× 10−4 −3.23× 10−3 −2.81× 10−3
7. Conclusion
We theoretically studied AMR[100](φ), AMR[110](φ′), and AMR[001](φ) for ferromag-
nets with the crystal field of tetragonal symmetry. Here, we used the electron scattering
theory for a system consisting of the conduction electron state and the localized d states.
The d states were obtained by using the perturbation theory. The main results are as
follows:
(i) We derived expressions for AMR[100](φ), AMR[110](φ′), and AMR[001](φ) for ferro-
magnets with D
(d)
m,+ = 0 and D
(d)
m,− 6= 0. The coefficient C ij is composed of λ, H , ∆,
δε, δγ, and s–s and s–d resistivities. From such C
i
j, we obtained a simple expres-
sion for C ij for the simplified system with rs,−→3z2−r2,− = rs,−→x2−y2,−. This system
was divided into types A, B, and C. Type A is the generalized strong ferromagnet
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with the s–d scattering “s,+→ d,− and s,− → d,−”, type B is the half-metallic
ferromagnet with the dominant s–d scattering “s,− → d,−”, and type C is the
specified strong ferromagnet with the s–d scattering “s,+→ d,−”. The coefficient
C ij for type A includes C
i
j for types B and C. The AMR ratios AMR
[100](0) and
AMR[110](0) for type A also corresponded to that of the CFJ model3) under the
condition of the CFJ model.
(ii) We found that C ij cos jφi for type A originates from the changes in the d states due to
Vso. Concretely, C
i
j cos jφi is related to the probability amplitudes and probabilities
of the slightly hybridized states or the probability amplitudes of the slightly reduced
state in the dominant states.
(iii) For type A, C ij has terms with (λ/∆)
2, (λ/H)2, and λ2/(H∆)2. In addition, C
[100]
4 ,
C
[110]
4 , C
[110]
6 , C
[110]
8 , and C
[001]
4 are proportional to D
(d)
ε2,−−D(d)ε1,−. Their magnitudes
may indicate the degree of the tetragonal distortion. For type B, C
[100]
4 , C
[110]
4 , C
[110]
6 ,
C
[110]
8 , and C
[001]
4 are proportional to D
(d)
ε2,−−D(d)ε1,−. Their signs reveal the magnitude
relation of D
(d)
ε2,− and D
(d)
ε1,−. For type C, C
i
j is proportional to (λ/H)
2. In addition,
C
[100]
2 and C
[110]
2 are proportional to the PDOS of the dε states at EF. In contrast,
C
[100]
4 , C
[110]
4 , and C
[001]
4 are proportional to D
(d)
ε2,− −D(d)ε1,−. Their signs indicate the
magnitude relation of D
(d)
ε2,− and D
(d)
ε1,−.
(iv) We obtained the relation C
[100]
4 = −C [110]4 of Eq. (4) under the condition of D(d)ξ+,− =
D
(d)
ξ−,− = D
(d)
x2−y2,− = D
(d)
3z2−r2,−. This relation could be explained by considering
that C
[100]
4 and C
[110]
4 arise from the overlap integrals between the plane wave and
|3z2 − r2, χ±(φ)〉, and the overlap integrals produce the same expression in spite of
the difference in the plane waves between I//[100] and I//[110].
(v) Using the expressions for C ij for type A, we qualitatively explained the experimental
results of C
[100]
2 , C
[100]
4 , C
[110]
2 , and C
[110]
4 at 293 K for Ni. We found that the dominant
s–d scattering observed in C
[100]
2 and C
[110]
2 is s,+ → d,−, while that observed in
C
[100]
4 and C
[110]
4 is s,− → d,−. From the experimental results of C [100]4 > 0 and
C
[110]
4 < 0, we also predicted the relation of D
(d)
ε1,− > D
(d)
ε2,− due to the tetragonal
distortion.
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Appendix A: Expression for AMR Ratio by Do¨ring
We report the expression for the AMR ratio by Do¨ring, which consists of the expres-
sion for the resistivity based on the symmetry of a crystal.14, 32, 33) Here, we note that
this expression is the same form as an expression for a spontaneous magnetostriction,
which minimizes the total energy consisting of the magnetoelastic energy for a spin pair
model and the elastic energy for a cubic system.50)
The AMR ratio ∆ρ/ρ is expressed as
∆ρ
ρ
=
ρ− ρ0
ρ0
= k1
(
α21β
2
1 + α
2
2β
2
2 + α
2
3β
2
3 −
1
3
)
+ 2k2(α1α2β1β2 + α2α3β2β3 + α3α1β3β1)
+k3
(
α21α
2
2 + α
2
2α
2
3 + α
2
3α
2
1 −
1
3
)
+k4
[
α41β
2
1 + α
4
2β
2
2 + α
4
3β
2
3 +
2
3
(
α21α
2
2 + α
2
2α
2
3 + α
2
3α
2
1
)− 1
3
]
+2k5(α1α2β1β2α
2
3 + α2α3β2β3α
2
1 + α3α1β3β1α
2
2), (A·1)
where ρ is the resistivity for certain directions of I andM ; ρ0 is the average resistivity
for the demagnetized state; α1, α2, and α3 indicate the direction cosines of the M
direction; β1, β2, and β3 denote the direction cosines of the I direction; and k1, k2, k3,
k4, and k5 are the coefficients.
32, 33) In this study,M lies in the (001) plane (see Fig. 1);
that is, α3 is set to be 0.
The AMR ratio of I//[100], (∆ρ/ρ)[100], is obtained by substituting (α1, α2, α3) =
(cosφ, sinφ, 0) and (β1, β2, β3) = (1, 0, 0) into Eq. (A·1):(
∆ρ
ρ
)
[100]
= C
[100]
0 + C
[100]
2 cos 2φ+ C
[100]
4 cos 4φ, (A·2)
with
C
[100]
0 =
1
6
k1 − 5
24
k3 +
1
8
k4, (A·3)
C
[100]
2 =
1
2
k1 +
1
2
k4, (A·4)
C
[100]
4 = −
1
8
k3 +
1
24
k4. (A·5)
The AMR ratio of I//[110], (∆ρ/ρ)[110], is obtained by substituting (α1, α2, α3) =
(cos(φ′ + pi/4), sin(φ′ + pi/4), 0) and (β1, β2, β3) = (1/
√
2, 1/
√
2, 0) into Eq. (A·1):(
∆ρ
ρ
)
[110]
= C
[110]
0 + C
[110]
2 cos 2φ
′ + C [110]4 cos 4φ
′, (A·6)
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with
C
[110]
0 =
1
6
k1 − 5
24
k3 +
1
8
k4, (A·7)
C
[110]
2 =
1
2
k2, (A·8)
C
[110]
4 =
1
8
k3 − 1
24
k4. (A·9)
The AMR ratio of I//[001], (∆ρ/ρ)[001], is obtained by substituting (α1, α2, α3) =
(cosφ, sinφ, 0) and (β1, β2, β3) = (0, 0, 1) into Eq. (A·1):(
∆ρ
ρ
)
[001]
= C
[001]
0 + C
[001]
4 cos 4φ, (A·10)
with
C
[001]
0 = −
1
3
k1 − 5
24
k3 − 1
4
k4, (A·11)
C
[001]
4 = −
1
8
k3 − 1
12
k4. (A·12)
From Eqs. (A·5) and (A·9), we confirm the relation C [100]4 = −C [110]4 . In addition,
(∆ρ/ρ)[001] of Eq. (A·10) does not include the cos 2φ term.
Appendix B: Wave Function by Perturbation Theory for a Model with De-
generate Unperturbed Systems
We give an expression for the wave function |m) of the first- and second-order
perturbation theory for the case that the unperturbed system is degenerate. Here, |m)
is an abbreviated form for |m,χς(φ)) in Eq. (26). In this study, using this |m), we obtain
the wave functions from the matrix of H in Table I in Ref. 27 (also see Sects. 2.2 and
2.3).
We first give an eigenvalue equation for the unpertubed Hamiltonian H0 as
H0|mi〉 = Em|mi〉, (B·1)
for i = 1 - Nm. Here, Em is the eigenvalue and |mi〉 (i = 1 - Nm) is the eigenstate with
the Nm-fold degeneracy.
On the basis of Eq. (B·1), we next derive the expression for |m). When a specific
state in |mi〉 is written as |m〉, |m) becomes
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|m) =

1−

1
2
∑
k(6=mi)
∣∣∣∣ Vk,mEm − Ek
∣∣∣∣
2
+
1
2
∑
m′i(6=m)
∣∣∣∣∣∣
∑
n(6=mi)
Vn,m
Em − En
Vm′i,n
Vm,m − Vm′i,m′i
∣∣∣∣∣∣
2


 |m〉
+
∑
k(6=mi)
Vk,m
Em − Ek |k〉+
∑
m′i(6=m)

 ∑
n(6=mi)
Vn,m
Em − En
Vm′i,n
Vm,m − Vm′i,m′i

 |m′i〉
+
∑
k(6=mi)

 ∑
n(6=mi)
Vn,m
Em − En
Vk,n
Em − Ek −
Vm,mVk,m
(Em − Ek)2
+
∑
m′i(6=m)

 ∑
n(6=mi)
Vn,m
Em − En
Vm′i,n
Vm,m − Vm′i,m′i

 Vk,m′i
Em −Ek

 |k〉
+
∑
m′′i (6=m)
1
Vm,m − Vm′′i ,m′′i


∑
n1(6=mi)
Vm′′i ,n1

 ∑
ℓ1(6=mi)
Vℓ1,m
Em − Eℓ1
Vn1,ℓ1
Em − En1
− Vm,mVn1,m
(Em − En1)2
+
∑
m′i(6=m)

 ∑
ℓ2(6=mi)
Vℓ2,m
Em − Eℓ2
Vm′i,ℓ2
Vm,m − Vm′i,m′i

 Vn1,m′i
Em − En1


−

 ∑
n2(6=mi)
|Vm,n2|2
Em − En2



 ∑
n3(6=mi)
Vn3,m
Em − En3
Vm′′i ,n3
Vm,m − Vm′′i ,m′′i



 |m′′i 〉,
(B·2)
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where, for example, Vm,n is given by 〈m|V |n〉.
Appendix C: Expressions for Resistivities
We describe the expression for ρiσ(φ) of Eq. (28) up to the second order of λ/H , λ/∆,
λ/(H ± ∆), δt/H , δt/∆, and δt/(H ± ∆), with t = ε or γ. Here, we use the following
relations:
A2 +B2 =
1
λ2
, (C·1)
A2 −B2 = δε
λ2
√
δ2ε + λ
2
, (C·2)
(AB)2 =
1
4λ2(δ2ε + λ
2)
, (C·3)
A2
(
δε −
√
δ2ε + λ
2
)
+B2
(
δε +
√
δ2ε + λ
2
)
= 0, (C·4)
A2
(
δε −
√
δ2ε + λ
2
)2
+B2
(
δε +
√
δ2ε + λ
2
)2
= 1, (C·5)
A4
(
δε −
√
δ2ε + λ
2
)2
+B4
(
δε +
√
δ2ε + λ
2
)2
=
1
2(δ2ε + λ
2)
, (C·6)
A4
(
δε −
√
δ2ε + λ
2
)2
− B4
(
δε +
√
δ2ε + λ
2
)2
= 0, (C·7)
A4 +B4 =
1
λ4
− 1
2λ2(δ2ε + λ
2)
, (C·8)
where A and B are given by Eqs. (24) and (25), respectively.
C.1 I//[100]
Using Eqs. (28)−(30), we obtain ρ[100]± (φ):
ρ
[100]
± (φ) = ρ
[100]
0,± + ρ
[100]
2,± cos 2φ+ ρ
[100]
4,± cos 4φ, (C·9)
where ρ
[100]
0,± is a constant term independent of φ, ρ
[100]
2,± is the coefficient of the cos 2φ
term, and ρ
[100]
4,± is that of the cos 4φ term. These quantities are specified by
ρ
[100]
0,± = ρ
[100],(0)
0,± + ρ
[100],(2)
0,± , (C·10)
ρ
[100]
2,± = ρ
[100],(1)
2,± + ρ
[100],(2)
2,± , (C·11)
ρ
[100]
4,± = ρ
[100],(2)
4,± , (C·12)
where v of ρ
[100],(v)
j,± (j = 0, 2, and 4 and v = 0, 1, and 2) denotes the order of λ/H , λ/∆,
λ/(H ± ∆), δt/H , δt/∆, and δt/(H ± ∆), with t = ε or γ. The quantity ρ[100],(v)j,± was
given in Eqs. (43), (45), and (46) in Ref. 27 and Eqs. (1)−(3) in Ref. 28. Note here that
ρs,±→m,+ = 0 due to D
(d)
m,+ = 0 and Eqs. (55) and (56) [i.e., Eqs. (C·13) and (C·14)] are
26/39
J. Phys. Soc. Jpn.
set in Sect. 3.
C.2 I//[110]
Using Eqs. (5) and (28)−(30), we obtain ρ[110]± (φ′), where ρs,±→m,+ = 0 due to
D
(d)
m,+ = 0 is taken into account (see Sect. 3). Here, we put
ρs,±→δε,− ≡ ρs,±→ε1,−, (C·13)
ρs,±→ξ+,− = ρs,±→ξ−,− ≡ ρs,±→ε2,−, (C·14)
which correspond to Eqs. (55) and (56), respectively [also see Eq. (54)]. It is noted that
ρ
[110]
± (φ
′) composed of ρs,±→ξ+,− and ρs,±→ξ−,− has very long expressions. The expression
for ρ
[110]
± (φ
′) is written as
ρ
[110]
± (φ
′) = ρ[110]0,± + ρ
[110]
2,± cos 2φ
′ + ρ[110]4,± cos 4φ
′ + ρ[110]6,± cos 6φ
′ + ρ[110]8,± cos 8φ
′, (C·15)
where ρ
[110]
0,± is a constant term independent of φ
′, ρ[110]2,± is the coefficient of the cos 2φ
′
term, ρ
[110]
4,± is that of the cos 4φ
′ term, ρ[110]6,± is that of the cos 6φ
′ term, and ρ[110]8,± is that
of the cos 8φ′ term. These quantities are specified by
ρ
[110]
0,± = ρ
[110],(0)
0,± + ρ
[110],(2)
0,± , (C·16)
ρ
[110]
2,± = ρ
[110],(2)
2,± , (C·17)
ρ
[110]
4,± = ρ
[110],(2)
4,± , (C·18)
ρ
[110]
6,+ = 0, (C·19)
ρ
[110]
6,− = ρ
[110],(2)
6,− , (C·20)
ρ
[110]
8,+ = 0, (C·21)
ρ
[110]
8,− = ρ
[110],(2)
8,− , (C·22)
where v of ρ
[110],(v)
j,± (j = 0, 2, and 4 and v = 0, 1, and 2) denotes the order of λ/H ,
λ/∆, λ/(H ±∆), δt/H , δt/∆, and δt/(H ±∆), with t = ε or γ. The quantity ρ[110],(v)j,±
is obtained as
ρ
[110],(0)
0,+ = ρs,+, (C·23)
ρ
[110],(0)
0,− = ρs,− +
3
4
ρs,−→ε2,− +
1
4
ρs,−→3z2−r2,−, (C·24)
ρ
[110],(2)
0,+ =
3
32
(
λ
H −∆
)2
(ρs,+→ε1,− + ρs,+→ε2,−) +
3
16
(
λ
H
)2
ρs,+→ε1,−
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+
3
4
(
λ
H +∆
)2
ρs,+→x2−y2,−, (C·25)
ρ
[110],(2)
0,− = −
3
16
(
λ
H
)2
ρs,−→ε2,− − 3
4
(
λ
H −∆
)2(
ρs,−→ε2,− +
1
4
ρs,−→3z2−r2,−
)
+
27
128
(
λ
H −∆ +
λ
∆
)2
(ρs,−→ε1,− − ρs,−→ε2,−)
+
3
32
(
λ
∆
)2
(ρs,−→ε1,− + ρs,−→ε2,− − 2ρs,−→3z2−r2,−)
+
3
128
(
λ
δγ
)2(
λ
H +∆
− λ
∆
)2
(ρs,−→x2−y2,− − ρs,−→3z2−r2,−), (C·26)
ρ
[110],(2)
2,+ =
3
8
λ2
H(H −∆)ρs,+→ε1,−, (C·27)
ρ
[110],(2)
2,− =
9
32
λ
∆
(
λ
H −∆ +
λ
∆
)
(ρs,−→ε1,− − ρs,−→ε2,−)
+
3
8
(
λ
∆
)2
(ρs,−→ε2,− − ρs,−→3z2−r2,−)
−3
8
λ2
H∆
ρs,−→ε2,− +
3
8
λ2
∆(H +∆)
ρs,−→3z2−r2,−, (C·28)
ρ
[110],(2)
4,+ =
3
32
(
λ
H −∆
)2
(ρs,+→ε1,− − ρs,+→ε2,−), (C·29)
ρ
[110],(2)
4,− =
3
32
(
λ
∆
)2
(ρs,−→ε2,− − ρs,−→ε1,−)
+
3
128
(
λ
δγ
)2(
λ
H +∆
− λ
∆
)2
(ρs,−→3z2−r2,− − ρs,−→x2−y2,−), (C·30)
ρ
[110],(2)
6,− =
9
32
λ
∆
(
λ
H −∆ +
λ
∆
)
(ρs,−→ε2,− − ρs,−→ε1,−), (C·31)
ρ
[110],(2)
8,− =
27
128
(
λ
H −∆ +
λ
∆
)2
(ρs,−→ε2,− − ρs,−→ε1,−). (C·32)
C.3 I//[001]
Using Eqs. (28)−(30), we obtain ρ[001]± (φ), where ρs,±→m,+ = 0 due to D(d)m,+ = 0 is
taken into account (see Sect. 3). The resistivity ρ
[001]
± (φ) is written as
ρ
[001]
± (φ) = ρ
[001]
0,± + ρ
[001]
4,± cos 4φ, (C·33)
where ρ
[001]
0,± is a constant term independent of φ, and ρ
[001]
4,± is the coefficient of the cos 4φ
term. These quantities are specified by
ρ
[001]
0,± = ρ
[001],(0)
0,± + ρ
[001],(2)
0,± , (C·34)
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ρ
[001]
4,± = ρ
[001],(2)
4,± , (C·35)
where v of ρ
[100],(v)
j,± (j = 0 and 4 and v = 0, 1, and 2) denotes the order of λ/H , λ/∆,
λ/(H ± ∆), δt/H , δt/∆, and δt/(H ± ∆), with t = ε or γ. The quantity ρ[001],(v)j,± is
obtained as
ρ
[001],(0)
0,+ = ρs,+, (C·36)
ρ
[001],(0)
0,− = ρs,− + ρs,−→3z2−r2,−, (C·37)
ρ
[001],(2)
0,+ =
3
8
(
λ
H −∆
)2 (
λ2A2ρs,+→ξ+,− + ρs,+→δε,− + λ
2B2ρs,+→ξ−,−
)
, (C·38)
ρ
[001],(2)
0,− =
3
8
(
λ
∆
)2
(λ2A2ρs,−→ξ+,− + ρs,−→δε,− + λ
2B2ρs,−→ξ−,−)
+
3
32
(
λ
δγ
)2(
λ
H +∆
− λ
∆
)2
ρs,−→x2−y2,−
−3
4
[(
λ
H +∆
)2
+
(
λ
∆
)2
+
1
8
(
λ
δγ
)2(
λ
H +∆
− λ
∆
)2]
ρs,−→3z2−r2,−,
(C·39)
ρ
[001],(2)
4,+ =
3
8
(
λ
H −∆
)2 (
λ2A2ρs,+→ξ+,− − ρs,+→δε,− + λ2B2ρs,+→ξ−,−
)
, (C·40)
ρ
[001],(2)
4,− =
3
8
(
λ
∆
)2 (−λ2A2ρs,−→ξ+,− + ρs,−→δε,− − λ2B2ρs,−→ξ−,−)
+
3
32
(
λ
δγ
)2(
λ
H +∆
− λ
∆
)2
(ρs,−→x2−y2,− − ρs,−→3z2−r2,−). (C·41)
Note that Eqs. (C·13) and (C·14) [i.e., Eqs. (55) and (56)] are introduced in Sect. 4.
Appendix D: Coefficient Expressed by Using Resistivities
We express C ij as a function of ρ
i,(v)
j,σ . Here, C
i
j is expressed up to the second order
of λ/H , λ/∆, λ/(H ±∆), δt/H , δt/∆, and δt/(H ±∆), with t = ε or γ.
D.1 I//[100]
Using Eqs. (1), (27), (C·9)−(C·12), we obtain C [100]2 and C [100]4 in AMR[100](φ) of
Eq. (57):
C
[100]
2 = −
ρ
[100],(1)
2,+ + ρ
[100],(1)
2,−
(ρ
[100],(0)
0,+ + ρ
[100],(0)
0,− )2
(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
[100],(1)
2,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(1)
2,+
)
+
1
ρ
[100],(0)
0,+ + ρ
[100],(0)
0,−
(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
[100],(2)
2,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(2)
2,+
)
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+
1
ρ
[100],(0)
0,+ + ρ
[100],(0)
0,−
(
ρ
[100],(1)
2,−
ρ
[100],(0)
0,−
+
ρ
[100],(1)
2,+
ρ
(0)
0,+
)(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
[100],(1)
2,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(1)
2,+
)
+
1
ρ
[100],(0)
0,+ + ρ
[100],(0)
0,−
(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
[100],(1)
2,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(1)
2,+
)
, (D·1)
C
[100]
4 =
1
ρ
[100],(0)
0,+ + ρ
[100],(0)
0,−
(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
[100],(2)
4,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(2)
4,+
)
+
1
2
ρ
[100],(1)
2,+ ρ
[100],(1)
2,−
ρ
[100],(0)
0,+ ρ
[100],(0)
0,−
−1
2
ρ
[100],(1)
2,+ + ρ
[100],(1)
2,−
(ρ
[100],(0)
0,+ + ρ
[100],(0)
0,− )2
(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
(1)
2,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(1)
2,+
)
. (D·2)
In the case of ρs,±→x2−y2,± = ρs,±→3z2−r2,±, we have ρ
[100],(1)
2,± = 0. In this case, C
[100]
2 and
C
[100]
4 become
C
[100]
2 =
1
ρ
[100],(0)
0,+ + ρ
[100],(0)
0,−
(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
[100],(2)
2,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(2)
2,+
)
, (D·3)
C
[100]
4 =
1
ρ
[100],(0)
0,+ + ρ
[100],(0)
0,−
(
ρ
[100],(0)
0,+
ρ
[100],(0)
0,−
ρ
[100],(2)
4,− +
ρ
[100],(0)
0,−
ρ
[100],(0)
0,+
ρ
[100],(2)
4,+
)
. (D·4)
Note here that cos jφ of C
[100]
j cos jφ comes from cos jφ of ρ
[100],(2)
j,± cos jφ, where j = 2
and 4.
D.2 I//[110]
Using Eqs. (1), (27), and (C·15)−(C·22), we obtain C [110]2 , C [110]4 , C [110]6 , and C [110]8
in AMR[110](φ′) of Eq. (58):
C
[110]
2 =
1
ρ
[110],(0)
0,+ + ρ
[110],(0)
0,−
(
ρ
[110],(0)
0,+
ρ
[110],(0)
0,−
ρ
[110],(2)
2,− +
ρ
[110],(0)
0,−
ρ
[110],(0)
0,+
ρ
[110],(2)
2,+
)
, (D·5)
C
[110]
4 =
1
ρ
[110],(0)
0,+ + ρ
[110],(0)
0,−
(
ρ
[110],(0)
0,+
ρ
[110],(0)
0,−
ρ
[110],(2)
4,− +
ρ
[110],(0)
0,−
ρ
[110],(0)
0,+
ρ
[110],(2)
4,+
)
, (D·6)
C
[110]
6 =
ρ
[110],(0)
0,+ ρ
[110],(2)
6,−
ρ
[110],(0)
0,− (ρ
[110],(0)
0,+ + ρ
[110],(0)
0,− )
, (D·7)
C
[110]
8 =
ρ
[110],(0)
0,+ ρ
[110],(2)
8,−
ρ
[110],(0)
0,− (ρ
[110],(0)
0,+ + ρ
[110],(0)
0,− )
. (D·8)
Note here that cos jφ of C
[110]
j cos jφ comes from cos jφ of ρ
[110],(2)
j,± cos jφ, where j = 2
and 4. In addition, cos j′φ of C [110]j′ cos j
′φ comes from cos j′φ of ρ[110],(2)j′,− cos j
′φ, where
j′ = 6 and 8.
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D.3 I//[001]
Using Eqs. (1), (27), and (C·33)−(C·35), we obtain C [001]4 in AMR[001](φ) of Eq.
(59):
C
[001]
4 =
1
ρ
[001],(0)
0,+ + ρ
[001],(0)
0,−
(
ρ
[001],(0)
0,+
ρ
[001],(0)
0,−
ρ
[001],(2)
4,− +
ρ
[001],(0)
0,−
ρ
[001],(0)
0,+
ρ
[001],(2)
4,+
)
. (D·9)
Note here that cos 4φ of C
[001]
4 cos 4φ comes from cos 4φ of ρ
[001],(2)
4,± cos 4φ.
Appendix E: Expressions for Ci
j
We give expressions for C ij in Sects. 3.1, 3.2, and 3.3.
E.1 I//[100]
The expressions for C
[100]
0 , C
[100]
2 , and C
[100]
4 are
C
[100]
0 = C
[100]
2 − C [100]4 , (E·1)
C
[100]
2 =
3
8
1
1 + r + 3
4
rs,−→x2−y2,− + 14rs,−→3z2−r2,−
×
{
1
r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
{
−
(
λ
∆
)2
rs,−→ε1,−
+
[(
λ
∆
)2
−
(
λ
H +∆
)2]
rs,−→3z2−r2,−
+
λ
δγ
[
λδε
∆2
−
(
λ
H +∆
)2(
δε
λ
− 1
)
− λ
2
∆(H +∆)
]
(rs,−→x2−y2,− − rs,−→3z2−r2,−)
−1
2
(
λ
δγ
)2(
λ
∆
− λ
H +∆
)2
(rs,−→x2−y2,− − rs,−→3z2−r2,−)
}
+
(
λ
H −∆
)2
rs,+→ε2,−
(
r +
3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
)
+
λ
δγ
(
λ
∆
− λ
H +∆
)
rs,−→x2−y2,− − rs,−→3z2−r2,−
r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
+
3
8
(
λ
δγ
)2(
λ
∆
− λ
H +∆
)2 (rs,−→x2−y2,− − rs,−→3z2−r2,−)2
r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
×
[
1
1 + r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
+
1
r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
]}
,
(E·2)
C
[100]
4 =
3
32
1
1 + r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
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×
{
1
r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
[(
λ
∆
)2
(rs,−→ε1,− − rs,−→ε2,−)
+
1
2
(
λ
δγ
)2(
λ
∆
− λ
H +∆
)2
(rs,−→3z2−r2,− − rs,−→x2−y2,−)
]
+
(
λ
H −∆
)2
(rs,+→ε2,− − rs,+→ε1,−)
(
r +
3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−
)
−3
4
(
λ
δγ
)2(
λ
∆
− λ
H +∆
)2
× (rs,−→3z2−r2,− − rs,−→x2−y2,−)
2
(1 + r + 3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−)(r +
3
4
rs,−→x2−y2,− +
1
4
rs,−→3z2−r2,−)
}
.
(E·3)
E.2 I//[110]
The expressions for C
[110]
0 , C
[110]
2 , C
[110]
4 , C
[110]
6 , and C
[110]
8 are
C
[110]
0 = C
[110]
2 − C [110]4 + C [110]6 − C [110]8 , (E·4)
C
[110]
2 =
3
8
1(
r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)(
1 + r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)
×
[(
λ
∆
)2
(rs,−→ε2,− − rs,−→3z2−r2,−) + 3
4
λ
∆
(
λ
H −∆ +
λ
∆
)
(rs,−→ε1,− − rs,−→ε2,−)
− λ
2
H∆
rs,−→ε2,− +
λ2
∆(H +∆)
rs,−→3z2−r2,−
]
+
3
8
λ2
H(H −∆)
rs,+→ε1,−
(
r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)
1 + r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
, (E·5)
C
[110]
4 =
3
32
1(
r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)(
1 + r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)
×
[(
λ
∆
)2
(rs,−→ε2,− − rs,−→ε1,−)
+
1
4
(
λ
δγ
)2(
λ
H +∆
− λ
∆
)2
(rs,−→3z2−r2,− − rs,−→x2−y2,−)
]
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+
3
32
(
λ
H −∆
)2 (rs,+→ε1,− − rs,+→ε2,−)
(
r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)
1 + r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
, (E·6)
C
[110]
6 =
9
32
(
λ
∆
)(
λ
H −∆ +
λ
∆
)
× rs,−→ε2,− − rs,−→ε1,−(
r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)(
1 + r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
) , (E·7)
C
[110]
8 =
27
128
(
λ
H −∆ +
λ
∆
)2
× rs,−→ε2,− − rs,−→ε1,−(
r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
)(
1 + r +
3
4
rs,−→ε2,− +
1
4
rs,−→3z2−r2,−
) . (E·8)
Here, we used sin 2φ = cos 2φ′, cos 2φ = − sin 2φ′, sin 4φ = − sin 4φ′, cos 4φ = − cos 4φ′,
sin 6φ = − cos 6φ′, and cos 8φ = cos 8φ′, where the relation between φ and φ′ is given
by Eq. (5).
E.3 I//[001]
The expressions for C
[001]
0 and C
[001]
4 are
C
[001]
0 = −C [001]4 , (E·9)
C
[001]
4 =
3
8
1
1 + r + rs,−→3z2−r2,−
[(
λ
∆
)2
rs,−→ε1,− − rs,−→ε2,−
r + rs,−→3z2−r2,−
+
1
4
(
λ
δγ
)2(
λ
∆
− λ
H +∆
)2
rs,−→x2−y2,− − rs,−→3z2−r2,−
r + rs,−→3z2−r2,−
+
(
λ
H −∆
)2
(rs,+→ε2,− − rs,+→ε1,−)(r + rs,−→3z2−r2,−)
]
. (E·10)
Appendix F: Origin of Ci
j
cos jφi
We explain the origin of C ij cos jφi.
F.1 I//[100]
As shown in Table IV, C
[100]
2 cos 2φ is related to the probability amplitudes of |3z2−
r2, χ±(φ)〉 and |x2 − y2, χ−(φ)〉, and C [100]4 cos 4φ is related to the probability of |3z2 −
r2, χ±(φ)〉.51)
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F.2 I//[110]
As shown in Table IV, C
[110]
2 cos 2φ
′ is related to the probability amplitude of |3z2−
r2, χ±(φ)〉, the probability amplitude of |xy, χ−(φ)〉, and the product of the probability
amplitude of |3z2 − r2, χ−(φ)〉 and the probability amplitude of |xy, χ−(φ)〉. The term
C
[110]
4 cos 4φ
′ is related to the probability of |3z2 − r2, χ±(φ)〉. The term C [110]6 cos 6φ′
is related to the probability amplitude of |3z2 − r2, χ−(φ)〉 and the product of the
probability amplitude of |3z2− r2, χ−(φ)〉 and the probability amplitude of |xy, χ−(φ)〉.
The term C
[110]
8 cos 8φ
′ is related to the probability of |xy, χ−(φ)〉 and the probability
amplitude of |xy, χ−(φ)〉.
F.3 I//[001]
As shown in Table IV, C
[001]
4 cos 4φ is related to the probability of |3z2− r2, χ±(φ)〉.
Appendix G: Correspondence to Campbell–Fert–Jaoul Model
We confirm that AMR[100](0) and AMR[110](0) correspond to the AMR ratio of the
CFJ model3) under the condition of the CFJ model, i.e., ρs,σ→m,−/ρs,+ ≡ α, r ≪ 1, and
r ≪ α.25, 40) Here, we take into account ∆/H ≪ 1.
(1) I//[100]
Under the condition of the CFJ model, C
[100]
2 in Table I becomes
C
[100]
2 =
3
8
1
1 + r + α
[
−
(
λ
H
)2
α
r + α
+
(
λ
H
)2
α(r + α)
]
≈ 3
8
(
λ
H
)2
(α− 1). (G·1)
By using Eqs. (G·1) and (E·1), AMR[100](0) of Eq. (57) is written as
AMR[100](0) = 2C
[100]
2 =
3
4
(
λ
H
)2
(α− 1). (G·2)
Equation (G·2) is the AMR ratio of the CFJ model.3)
(2) I//[110]
Under the condition of the CFJ model, C
[110]
2 and C
[110]
6 in Table I become
C
[110]
2 =
3
8
1
1 + r + α
[
−
(
λ
H
)2
α
r + α
+
(
λ
H
)2
α(r + α)
]
≈ 3
8
(
λ
H
)2
(α− 1), (G·3)
C
[110]
6 = 0. (G·4)
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By using Eqs. (G·3), (G·4), and (E·4), AMR[110](0) of Eq. (58) is written as
AMR[110](0) = 2(C
[110]
2 + C
[110]
6 ) =
3
4
(
λ
H
)2
(α− 1). (G·5)
Equation (G·5) is the AMR ratio of the CFJ model.3)
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